Objective: Interleukin-1 beta (IL1β) is a pro-inflammatory cytokine that mediates arthritic pathologies. Our objective was to evaluate pain and limb dysfunction resulting from IL1β overexpression in the rat knee and investigate the ability of local IL1 receptor antagonist (IL1Ra) delivery to reverse associated pathology.
Introduction
Osteoarthritis (OA) is a degenerative joint disease that is the most prevalent joint disorder globally [1] [2] [3] . There is substantial evidence implicating a role for inflammatory mediators, such as interleukin-1 beta (IL-1β) in the development of OA [4] [5] [6] [7] [8] [9] [10] [11] [12] . Interleukin-1 receptor antagonist (IL1Ra) is a native antagonist of IL-1 that functions by competitively inhibiting IL-1 binding to its cell receptor, thereby preventing downstream activation of proteolytic events that promote cartilage destruction [13, 14] . Several investigators have shown utility of IL1Ra as a therapy for OA when administered in protein form, via the IL1Ra gene, or in conditioned serum [15] [16] [17] [18] [19] .
Biweekly intra-articular injections of IL1Ra protein in a canine ACL transection model demonstrated an ability for IL1Ra to protect against cartilage lesion formation and collagenase-1 expression, particularly at the highest doses (4 mg) [15] . In rabbit and canine models of either OA or inflammatory arthropathy, transfer of the IL1Ra gene directly to the joint space has led to a marked reduction in synovitis, joint swelling (diameter), cartilage lesion formation, and biochemical markers of arthritis [16, 20, 21] . However, the therapeutic efficacy of IL1Ra in human clinical trials for the treatment of OA has been less impressive with no reported changes in Western Ontario and McMaster Universities Osteoarthritis Index (WOMAC) score from baseline to four weeks following a single intra-articular injection of high or low-dose IL1Ra [22] [23] [24] . Here and elsewhere, the translation of anatomical changes in joint structures in the preclinical OA model to the functional and symptomatic consequences of human OA is complex, with frequent reports of discordant findings between the human condition and the animal model.
Patients afflicted with OA may experience pain and joint dysfunctions that have deleterious effects on activity levels and lifestyle. These OA sequelae can be clinically evaluated through patient-reported pain and disability scales, such as the Oswestry disability index [25] and the WOMAC scale [26] . Some correlates of pain and disability scales have been utilized in preclinical OA animal models, such as quantifying features of animal locomotion, measuring sensitivity to mechanical stimuli, or quantifying an animal's ability to perform a challenge or task [27] [28] [29] . Gait changes have been measured in monoarticular models of inflammatory joint disease in rodents [30] [31] [32] , as well as in large animal models of surgically-induced joint instability in sheep or dogs [33] [34] [35] [36] [37] . In addition, mechanical allodynia, a hypersensitivity to a non-noxious mechanical stimulus, is commonly reported as a result of peripheral inflammation and may also be a disease sequela in animal OA models [27] .
The objective of this study was to evaluate pain-related behaviors and gait dysfunctions in a rat monoarticular model of OA induced by IL-1β over-expression. Gait characteristics and rodent sensitivity to mechanical stimuli were recorded and compared between pre-and postoperative time points, followed by treatment with a single intra-articular injection of IL1Ra.
Anatomic changes in the knee joint were assessed via a gross morphological grade and histological grade of cartilage degeneration. Results suggest that IL1β-induced inflammation causes a moderate limp with preferential weight bearing on the unaffected limb and a hypersensitivity to non-noxious mechanical stimuli in the affected limb that coincide with the anatomic presentation of OA signs. A single intra-articular injection of IL1Ra on day 1 after IL1β-induced inflammation had limited therapeutic efficacy in reversing these behavioral markers of joint dysfunction and pain.
Methods

Experimental Design
The primary goal of this study was to characterize a previously developed model of IL-1β mediated joint inflammation [16] for changes in animal gait and pain-related behaviors. In a first study designed to characterize the arthritis model, rats (n=6) received an intra-articular injection of rat skin fibroblasts genetically altered to over-express human IL-1β as a means to promote knee joint inflammation and arthritis. These rats were assessed for their body weight gain over 7 days to insure that hIL-1β dosing did not result in a systemic pathology. In addition, knee joint diameters in these rats were recorded on days 1, 3, 5 and 7 after intra-articular cell delivery, and compared to pre-operative values ("day -2"). Animals were sacrificed on day 8; knees were collected, opened, and assessed for gross appearance of joint pathology (detailed methods below). Thereafter, joints were placed in explant culture, where media was collected to detect the production of rat and human IL-1β.
A second set of rats was studied longitudinally for measures of gait and pain-related behaviors in this model. Rats (n=10) underwent testing for gait and sensitivity measures preoperatively (see detailed methods), then received an intra-articular injection of hIL-1β-infected fibroblasts on day 0. Rats were tested again for measures of gait and sensitivity post-operatively on days 2 or 3 and 6 or 7. Animals were sacrificed on day 8, and knees were assessed for gross and histological appearance of joint pathology (see detailed methods).
A third set of animals underwent testing to determine if a single injection of human IL1Ra protein could ameliorate the behavioral consequences of hIL-1β-mediated joint pathology in the rat knee. As before, rats (n=14) underwent testing for gait and sensitivity measures preoperatively (see detailed methods), then received an intra-articular injection of hIL-1β-infected fibroblasts on day 0. A subset of these animals received a 30 µL injection of either saline or 0.65 µg/µL hIL1Ra in saline on day 1 after cell delivery (n=7 per group). All animals underwent longitudinal testing for gait measures on days 2 and 6 and mechanical sensitivity measures on days 1, 3, and 5. Animals were sacrificed on day 8, and knees were assessed for gross and histological appearance of joint pathology (see detailed methods).
Intra-articular Over-expression of IL-1β in the Rat Knee (Animal Model)
A rat skin fibroblast cell line was retrovirally infected with a plasmid carrying human IL-1β cDNA (MFG-hIL-1β) and used here, as described previously [16] . Intra-articular injection of these cells modified to over-express IL-1β has been shown to generate an inflammatory arthritis in prior studies. This pathology is characterized by synovial hypertrophy and variable stages of cartilage destruction and subchondral bone remodeling depending on the number of cells injected and beyond that caused by the injection of naïve fibroblasts [38] . To induce knee arthritis, male Wistar rats (187-222 kg) received a 30 µl injection of 12,500 IL-1β infected fibroblasts suspended in sterile PBS to the right knee joint. A total of 30 male Wistar rats were used for this investigation; all procedures were approved by the Duke University's Institutional Animal Care and Use Committee.
Joint Diameter and Body Weight
Rats were restrained and joint swelling was assessed by measuring the diameter of the affected (right) and contralateral knee joint in the sagittal and coronal planes using digital calipers. These data were transformed into the cross-sectional area of the knee joint, under the assumption that this area could be approximated by an ellipse. Data were analyzed with a twofactor analysis of variance (ANOVA) with a post-hoc Dunnett's test to assess differences between pre-operative and post-operative time points and a post-hoc Tukey's HSD test to evaluate differences between the affected and contralateral limb.
IL1β Production In Vitro
At the time of sacrifice, the left and right knees were harvested; skin and muscle were, dissected and discarded. The fibula was removed, the tibia was cut just below the tibial tubercle, and the femur was cut at the transition of the shaft to the lateral epicondyle. The patellar attachments to the femur were transected, opening the joint space. The remaining explant including cartilage, subchondral bone, joint capsule and fat pad was cultured in 1.75 ml of DMEM at 37°C for 24 hours. The amount of human and rat IL-1β secreted into media was quantified by ELISA (human IL-1β, Endogen ELISA kit, Pierce, Rockford, IL; rat IL-1β, Quantikine ELISA kit, R&D Systems Inc). A one-factor ANOVA with a post-hoc Tukey's HSD was performed to test for differences between affected and contralateral joint values in order to determine if joints receiving an injection of IL-1β infected fibroblasts developed a greater potential to produce IL-1β..
Gait Assessments
To assess rodent gait, animals were placed in a custom-built acrylic gait arena with transparent floor and sides (5'6" x 1'6", camera set to record 4'). Underneath the arena, a mirror 
Mechanical Hypersensitivity
Rats were acclimated to wire-bottom caging and the testing paradigm over a period of 2 days prior to the 1 st measurement. Thereafter, rats were acclimated to the caging for a period of 20 minutes at each time point prior to the application of the von Frey hairs (Stoelting, Wood
Dale, IL). Using the up-down protocol for rats [40] , the 50% withdrawal frequencies was determined for the hind paws on the affected (right) and contralateral limb. Differences in the withdrawal thresholds between pre-and post-operative values, between affected and contralateral limbs at each timepoint, or between groups receiving saline or hIL1Ra treatments as appropriate, were assessed using multi-factor ANOVAs, with decreases in the withdrawal threshold indicating a heightened sensitivity to non-noxious mechanical stimuli. Post-hoc Dunnett's test (post-op vs. pre-op control) or Tukey's HSD tests were used when indicated.
Grading of Gross Appearance and Histology
Immediately after opening of knee joint capsules, the gross appearance of joint structures was evaluated by two blinded reviewers coming to consensus using the following custom threepoint scale: 0 = no pathology, 1 = synovial erythema, or 2 = synovial erythema and synovial hypertrophy. Thereafter, knees were fixed in 10% formalin for 48 hours, decalcified for 72-96 hours using Cal-Ex decalcifying agent (Fisher Scientific, Fair Lawn, NJ), and embedded in paraffin wax using standard practices. Serial sagittal histological sections (8 μm) of both right and left knee joints were acquired. One section representing the most severe lesion formation on the femoral condyles, patellofemoral compartment, and tibial plateau were chosen and stained with H&E and toluidine blue. Changes in the articular cartilage were graded by two blinded reviewers coming to consensus using the OARSI Osteoarthritis Histopathology Assessment System [41] . This system assigns one of seven grades to a section based on evidence of progressive cartilage and subchondral bone damage encompassing normal cartilage, chondrocyte cell death, fibrillation, fissures, cartilage erosion and denudation, osteophyte formation, and subchondral bone remodeling (grade 0 = cartilage intact; grade 6 = deformation and evidence of bone remodeling). Changes in the synovial tissue were graded by two blinded reviewers coming to consensus using a histopathological assessment described by Krenn et al. [42] . This system assesses the synovial cell layer (grade 0-3; 0 = synovial lining cell layer is 1-2 cells to 3 = synovial lining cell layer is greater than 10 cells), density of cells in the synovial stroma (grade 0-3; 0 = normal to 3 = cellularity greatly increased with pannus formation or rheumatoid granulomas), and the presence of intra-articular cellular debris (grade 0-2; 0 = no cellular debris to 2 = large quantity of cellular debris). A total grade (0-8) was determined by summing the grades from each category. As gross and histological grades are ordinal data, Kruskal-Wallis median tests were used to detect differences between affected and contralateral limbs or between groups receiving saline or hIL1Ra treatments as appropriate.
Results
Joint Swelling and IL1β Production
The affected joints showed significant increases in cross-sectional area over pre-operative values that persisted out to post-operative day 7 (p < 0.01, Dunnett's Test, Table 1 ). Moreover, swelling in the affected joint was significantly greater than the contralateral joint at days 3, 5, and 7 (p < 0.05, Tukey's HSD). Swelling was not observed in the contralateral joint, as crosssectional areas remained similar to that of pre-operative control throughout the experiment.
Animal body weights were maintained or increased equally in all experimental animals, indicating that a systemic pathology did not occur from the intra-articular injection.
Rat IL1β concentrations in the media of explant cultures were 120.2 ± 69.3 and 34.3 ± 10.6 µg for the affected and contralateral explant cultures, respectively; human IL-1β
concentrations were near the level of detection in both knees, with 11.7 ± 15.0 and 14.8 ± 14.8 µg in the affected and contralateral explant cultures, respectively (mean ± st. dev.). These data confirm that knees injected with hIL-1β infected fibroblasts had potential to produce significantly more rat IL1β, but not human IL1β, relative to contralateral control knees (p < 0.05, Tukey's HSD).
Gait
Following the injection of IL-1β infected fibroblasts, rats walked with gaits indicative of unilateral injury to the right hind limb (Figure 2 ). Pre-operatively, rats walked with symmetric gaits with balanced stance times between the left and right hind limb. By day 2-3, rats spent significantly less time on their affected (right) limb relative to the contralateral limb (p < 0.05, ttest), with gait symmetry tending to be greater than 0.5. The imbalance in stance times continued at day 6-7 (p < 0.05, t-test), with gait symmetry becoming significantly greater than 0.5 (p < 0.05, t-test).
Animal velocity also increased following the injection of IL-1β infected fibroblasts (Table 2) , with velocities at day 2-3 tending to be larger than pre-operative measures (p = 0.09, Dunnett's) and velocities at day 6-7 being significantly larger than pre-operative measures (p < 0.001, Dunnett's). Moreover, stride lengths increased above that predicted by the increases in velocity alone following the injection of IL-1β infected fibroblasts (p < 0.001, Dunnett's), and toe-out angles in both the affected and contralateral limb trended up with time (p < 0.01, Dunnett's).
Gait following IL1Ra or Saline Treatment
Animals receiving an injection of either saline or IL1Ra at one day after cell delivery had marked increases in the imbalance of stance times between the affected and contralateral limb (Figure 3 ), with the difference between the affected (right) and contralateral limb stance times being approximately 10% or greater on post-operative day 2 and day 6. This sizable difference of stance time between the two hind limbs resulted in the appearance of an aerial phase where neither hind limb was in stance during the gait cycle. Aerial phases were 2.2 ± 0.9% and 1.4 ± 0.6% of the gait cycle for saline treated animals at day 2 and day 6, respectively; aerial phase were 4.4 ± 1.4% and 6.9 ± 1.9% for IL1Ra treated animals at day 2 and day 6, respectively (mean ± SEM). These gaits are in stark contrast to animals that did not receive an additional injection beyond that of the IL-1β infected fibroblasts on day 0, where percentage stance time differences were generally less than 5% and aerial phases were not observed (compare left-hand y-axis in Figure 2 and 3 ).
Similar to that observed in untreated rats, all animals treated with either saline or IL1Ra increased their selected velocities (p < 0.01, Dunnett's), stride lengths (p < 0.0001, Dunnett's), and greater toe-out angles (p < 0.05, Dunnett's) as compared to pre-operative values following the injection of IL-1β infected fibroblasts (Table 3) .
Step widths also increased relative to preoperative values in animals receiving a saline or IL1Ra injection on day 1 after the injection of IL-1β infected fibroblasts (p < 0.01, Dunnett's).
The differences between the gaits of IL1Ra-and saline-treated animals were mild. Most notably, the injection of IL1Ra did tend to keep gaits "near symmetric" while saline-treated animals had highly asymmetric gaits. However, it should be noted that variability in gait symmetry for IL1Ra-treated animals also increased between pre-operative and post-operative time points. Moreover, step widths were wider in IL1Ra-treated animals at day 2 and the left limb toe-out angle was larger at day 6 (p < 0.05, Tukey's HSD).
Mechanical Hypersensitivity
In addition to alterations in gait, 50% paw withdrawal thresholds for the affected limb decreased on post-operative days relative to pre-operative values (p < 0.01, Dunnett's, Figure 4 ).
Withdrawal threshold for the affected limb also tended to be lower than the contralateral limb (p < 0.01, Tukey's HSD). A marked improvement as a result of IL1Ra treatment relative to saline control was not found.
Histopathology
Significant differences were detected in gross pathology scores between affected and contralateral knee joints in all rats studied here. Synovial erythema and hypertrophy were seen in the majority of affected knee joints, while contralateral control joints demonstrated little pathology. Histological grading confirmed the results observed via gross inspection; affected knee joints showed substantial cartilage degeneration in the femoral groove and on the femoral condyle relative to the contralateral joints and significant synovitis in injected knees relative to contralateral control knees ( Figure 5 , p < 0.05, Kruskall-Wallis). Moreover, the intra-articular injection of IL1Ra protein on day 1 did not improve the histological grades of the knee joint at day 8 relative to saline controls ( Figure 6 ).
Discussion
This study provides new data for unilateral joint dysfunction and mechanical hypersensitivity in a monoarticular model of joint arthritis of intra-articular over-expression of IL-1β. Following the delivery of rat fibroblasts infected to express and secrete human IL-1β, knee joints exhibited significant pathology described by joint swelling and potential to produce of endogenous (rat) IL-1β. With signs of swelling and inflammation, behavioral signs of unilateral joint dysfunction and mechanical hypersensitivity occurred. Moreover, joint histology revealed significant pannus formation associated with cartilage loss in the patellofemoral groove and on the femoral condyle that was quantified as a detectable difference in histopathology and synovitis scores at these sites. While not an inflammatory histopathology grading scheme, it is noteworthy that the OARSI score captured some features representative of differences due to the IL-1β induced inflammation in this study. However, this degeneration is in contrast to rat knee instability models of osteoarthritis where degeneration is most severe on the tibial plateau and progresses over the course of weeks [27, 43] . While we did not observe a significant attenuation in behavioral metrics from a single injection of IL1Ra protein, our data does provide motivation to investigate these same parameters in a host of alternative therapeutic strategies including repeated drug administrations, sustained drug release vehicles, and gene therapy approaches.
The data presented herein note the ability to detect unilateral joint dysfunctions using instead, the use of high-speed equipment, either video or force-plate, is required.
In addition to changes in temporal gait descriptors, toe-out angles increased following the injection of IL-1β infected fibroblasts. Increased toe-out angles are observed in the OA patient population as well. This gait adaptation reduces the adduction moment, shifts load away from the medial compartment during the early stance phase, and has been associated with changes of the sciatic nerve functionality index [44] [45] [46] .
Increases in gait velocity and stride length were unexpected; it was anticipated that an injured animal will walk at slower self-selected speeds with shorter stride lengths. However, the data for all animals receiving a single injection of IL-1β infected fibroblasts show increased speeds. Moreover, stride lengths at these increased velocities were longer than that predicted by pre-operative measures. Certainly, emotional stress associated with a limb injury may cause the animals to be more nervous in the gait arena, and rather than exploring, animals may be rapidly searching for a safe, protected area. In addition, the linear dependence of gait parameters on velocity formed from pre-operative data represented normal, symmetric walking gaits. With unilateral injury, gaits became progressively asymmetric and may begin to approach that of a half-bound. With this altered gait pattern, an animal may use longer strides at a given velocity.
A single IL1Ra injection did not markedly improve animal gait characteristics or reduce mechanical hypersensitivity. In fact, a second injection to the affected joint, whether it be saline or IL1Ra, decreased the affected limb stance time and was associated with the appearance of an aerial phase during locomotion at normal walking velocities. Animals receiving IL1Ra did walk with gaits that were near-symmetric; however, a return of the gait symmetry variable to nearsymmetric should not be misinterpreted as an improvement in gait and joint function. Although symmetric gaits are most common for walking velocities, both asymmetric and symmetric gaits (as defined by the symmetry variable) can occur naturally in rodents. However, significant differences in stance times for the limbs in a limb pair are rare, and since stance times remained markedly shifted to the contralateral limb, animal gait following treatment of IL1Ra still likely indicates a unilateral pathology and dysfunction. ,A more sophisticated analysis of ground reaction forces in a future study could improve our knowledge of how the limb is used to bear weight and generate push-off forces during locomotion. However, these data still point to a significant concern that a second therapeutic intra-articular injection, timed so closely after the first pathology-inducing injection, was itself responsible for initiating or promoting further pain and hypersensitivity in the rat model. While the rats were particularly sensitive to the repeated injections, there is no evidence that this phenomena extends to the human or even to larger animal models such as the canine [15] . This observation may also provide additional support for the use of gene therapy and sustained-release drug delivery strategies in the intra-articular space, that have the goal of reducing overall drug administration over time [47, 48] .
Prior work has demonstrated the potential of IL1Ra to attenuate cartilage degeneration;
however, multiple injections are often necessary [15] . In our model, the inability of a single injection of IL1Ra to reduce or reverse the effects of intra-articular over-expression of IL-1β may be related to artifacts associated with repeated intra-articular injections, the rapid and efficient clearance of IL1Ra from the joint space, and/or an inability to maintain an effective concentration of IL1Ra in the joint space. Intra-articular synovial fluid is cleared through lymphatics and vasculature in the synovium with evidence that 10-50 kDa molecules have halflives in the joint space on the order of minutes to hours [45] . Moreover, the IL-1β infected fibroblasts remain in the joint and may re-incite pathology once the IL1Ra protein is cleared from the joint space. This study again motivates the need to increase the residence time via either gene delivery [16, 21] or local drug depot formation [49] in order to increase IL1Ra's efficacy in reducing the progression of cartilage degeneration. However, the behavioral metrics described herein may provide for an improved evaluation of the therapeutic efficacy of these approaches in future studies.
In exploratory work, we have incited the same pathology described above in 18 additional animals: six each receiving either no treatment, a 20 µL intra-articular injection of IL1Ra (0.71 mM), or a 20 µL intra-articular injection of IL1Ra fused to an elastin-like polypeptide tag (ELP-IL1Ra, 10 mM) [48] . Since the ELP tag may interfere with accessibility of the IL1Ra domain to its receptor and is associated with lower bioactivity than that of IL1Ra (IC50 = 1.4nM vs. 310 nM, IL1Ra vs. ELP-IL1Ra) [48] , the doses were chosen to insure that both IL1Ra and ELP-IL1Ra protein groups received an equivalent amount of bioactive drug.
ELP-IL1Ra treated animals showed a trend towards less macroscopic and microscopic joint and cartilage degeneration relative to no treatment groups at the medial femoral condyle, patellofemoral groove and tibial plateau sites ( Figure 7 ). These preliminary observations suggest the potential for modifications and conjugations of IL1Ra that increase the joint residence time as a method to provide for IL-1 antagonism while minimizing total drug administrations and drug use as a means to protect cartilaginous tissues from degradation.
In this study, we demonstrate that intra-articular injection of fibroblasts genetically modified to express and secrete human IL-1β can result in behavioral changes associated with unilateral joint dysfunction and mechanical hypersensitivity. Findings for increased production of endogenous (rat) IL-1β, increased joint swelling, and increased cartilage degeneration in this model corroborates prior work and suggests that IL-1β is a significant mediator of the resulting behavioral changes. The intra-articular delivery of IL1Ra on day 1 after inciting pathology did not result in marked improvement of the macroscopic and microscopic signs of cartilage development, nor attenuate the behavioral signs of unilateral joint dysfunction and mechanical hypersensitivity. This may be due to challenges associated with repeated intra-articular injections in this animal mode, the rapid clearance of IL1Ra from the intra-articular joint space, or an inability of IL1Ra to interfere with a broad spectrum of inflammatory agents. Drug delivery strategies that can provide for IL-1 antagonism while reducing therapeutic dosing amounts or frequency may provide a working solution to protect joint tissues from degenerative remodeling.
